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ABSTRACT 
The importance of power electronics is increasingly evident as the world economy 
becomes more electrified. Power electronics play a key role in enabling renewable energy 
generation growth. Every year the capacity of electricity generation using renewable 
sources of energy increases worldwide, this growth is expected to continue for several 
decades. Power electronic converters are needed to make the integration of such resources 
a reality.  
Renewable energy sources such as, solar photovoltaic (PV), wind turbines and 
micro-turbines are being installed even at distribution centers such as residential areas, 
industrial locations, etc. When the power generated by these distributed energy resources 
(DERs) is higher than the local load demand, it is nowadays possible to supply power to 
the utility grid from the distribution centers and store the excess energy in battery energy 
storage systems (BESS) for peak shaving and capacity smoothing. Additionally, the 
possibility of transacting energy between peers in the near future has received increased 
attention.  
As DERs penetration increases, the control of the system becomes more 
challenging for the distribution system operator (DSO), as the intermittent nature of 
renewable sources can result in grid instability and voltage magnitude variations, limiting 
the maximum amount of DERs that can be connected to the grid significantly. 
Therefore, this dissertation presents cutting edge power electronics topologies to 
enable the increased penetration of DERs in the distribution grid. 
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The first topology accurately controls the voltage magnitude and phase combining 
phase shifting transformer techniques with AC/AC converters to achieve active and 
reactive power flow control. This accurate control enables the use of a modified angle 
droop control scheme, also proposed in this dissertation. 
The second topology is a self organizing power electronics converter with control 
intelligence at the edge of the distribution network, intended for residential applications. 
This topology significantly improves the traditional residential distribution network, 
allowing massive levels of PV penetration in residential systems, even 100%, promoting 
further investment on renewables. 
Every topology includes a suggested application to demonstrate their value for the 
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The importance of Power Electronics for the future electrical grid 
According to the International Energy Agency (IEA), global energy demand is 
expected to increase by 30% between 2017 and 2040, electrical energy makes up 40% of 
that rise in final consumption [1]. As shown in Fig. 1, it is expected that by 2040, solar 
will represent the largest share of renewable sources of energy [1]. Traditionally, electrical 
energy has been generated in centralized facilities using non-renewable resources. Due to 
environmental concerns and technology advancement, the usage of renewable sources 
such as solar and wind, has been increasing significantly, and is expected to keep 
increasing in the following decades. In fact, most of global investments in power plants 
are being done on renewable sources of energy.  
Power electronics converters are needed in order to interface renewable sources of 
energy to the rest of the electric grid. This involves proper architectures and control 
techniques to maximize their potential and store the excess energy in energy storage 
systems (BESS) for peak shaving and capacity smoothing.  
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Fig. 1. The growing electricity demand is being supplied by renewable energy 
sources in an increasing rate. Adapted from [1]. 
Distributed Energy Resources impact on the future electrical grid 
The rapid increase of Distributed Energy Resources (DERs) share represents one 
of the most challenging aspects in today’s grid management, especially when dealing with 
their intermittent and unpredictable nature. Different aspects such as voltage quality and 
grid stability arise as DERs penetration increases.  
These new challenges can be partially addressed by the use of microgrids, which 
are clusters of loads and sources that are controlled by an intelligent microgrid central 
controller (MGCC), and are connected to the utility grid through points of common 
coupling (PCC) [2-8]. In this manner, the Distribution System Operator (DSO) needs only 
to coordinate the microgrids interaction by controlling the complex voltage of each PCC 
[2]. Novel control strategies and power electronics topologies are needed to maintain 
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Microgrids 
Microgrid is a key element in renewable energy penetration. It consists of a cluster 
of several loads and DERs (such as distributed generators, storage devices, or controllable 
loads) controlled as an independent system, within clear electrical boundaries, as shown 
in Fig. 2. Microgrids can act as a single controllable entity as seen by the rest of the grid, 
it is connected to the rest of the network via the point of common coupling (PCC) [3]. By 
controlling the PCC voltage (Vi ∠ δi) the DSO can coordinate the power flow between 
microgrids. 
Fig. 2. Typical microgrid structure, the microgrid is connected to the rest of the 
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Microgrid control has been studied extensively [4-9]. This dissertation considers 
the power flow coordination between islanded microgrids by the use of a recently 
introduced topology [10]. 
Generally, the power sharing control strategies for microgrid coordination can be 
classified in three main categories [2]: 
Current sharing control 
A centralized controller receives the information of the load current of the entire 
system. The controller then sets output current reference points for each Distributed 
Generator (DG). In this form of control, communication is crucial, and any interruption 
will lead to a collapse of the system [7, 9]. 
Master/slave 
This control strategy involves assigning a Distributed Generator (DG) as the 
master. The master maintains a voltage reference (both magnitude and frequency) when 
the microgrids are working on islanded mode, the rest of the microgrids operate in PQ 
mode, injecting any desired active and/or reactive power (usually referred to as slaves) [4, 
7]. Communication between the master and the slaves is essential, and the stability of the 
system highly depends on the master DG. 
Droop control methods 
Droop control methods for microgrid control emulate the operation principle of 
synchronous generators in traditional power systems. A mismatch between the input and 
the output power (electric active power) causes a change in the rotor speed, this change of 
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speed is translated in a deviation in voltage frequency. In a similar manner, a mismatch in 
the reactive power causes a deviation in the voltage magnitude [7]. The main advantage 
of droop control methods is that only local measurements are needed in order to control 
the power flow between microgrids, significantly reducing the communication needs. 
Droop control methods are further discussed in chapter 3. 
Among microgrid power flow control strategies, droop control has the advantage 
that it is based on local measurements, significantly reducing communication needs. 
Droop control methods can be divided in two subcategories: 
1. Frequency droop control
2. Angle droop control
Frequency Droop control 
The frequency droop control strategy simulates the characteristics of synchronous 
generator based power systems, it manages the real power flow between microgrids by 
controlling their PCC voltage frequency, in a similar manner, frequency droop control 
manages the reactive power flow by controlling the voltage magnitude at the PCC. Fig. 3 
shows examples of frequency droop control curves for both real (P vs ω) and reactive (Q 
vs V) power flow control. 
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Fig. 3. Frequency droop control curves. a) Frequency (w) vs Real Power (P) curve. 
b) Voltage (V) vs Reactive Power (Q) curve.
Where ω and V are the frequency and magnitude of the voltage of a given 
microgrid, respectively, P is the real power flow, and Q is the reactive power flow of the 
given microgrid. If the phase angle difference between microgrids is considered 
significantly small, the power flow between both microgrids can be given by equations 
(1.1) and (1.2): 
𝜔𝑖 − 𝜔
∗ = 𝑚(𝑃𝑖
∗ − 𝑃𝑖)  (1.1) 
𝑉𝑖 − 𝑉
∗ = 𝑛(𝑄𝑖
∗ −𝑄𝑖)  (1.2) 





 are the nominal real and reactive power injections for the ith microgrid. 𝑃𝑖, 𝑄𝑖 are the
actual real and reactive power injections. 𝜔∗, 𝑉∗ are the reference frequency and voltage 
magnitude. To represent the sensitivity of indicating real and reactive power imbalance, 















It can be seen that by selecting the proper droop coefficients m and n, the frequency 
and voltage magnitude variation can be determined, this means that a compromise has to 
be done between power flow control accuracy and allowable variation of both parameters. 
One of the main disadvantages of the frequency droop control strategy is that, since 
it controls the required real power by modifying the frequency, the steady state frequency 
of the system becomes load dependent, limiting proper load sharing. 
Angle droop control 
Recently, angle droop control methods are being studied. One of the main 
differences between frequency droop and angle droop control methods is the variable used 
to indicate the real power imbalance, frequency droop uses the PCC’s frequency (ω), and 
angle droop uses the phase angle (δ) instead, as shown in the resultant equations given by 
(1.3) and (1.4): 
𝛿𝑖 − 𝛿
∗ = 𝜎𝛿𝑖(𝑃𝑖
∗ − 𝑃𝑖) (1.3) 
𝑉𝑖 − 𝑉
∗ = 𝜎𝑉𝑖(𝑄𝑖
∗ −𝑄𝑖) (1.4) 





 are the nominal real and reactive power injections for the ith microgrid. 𝑃𝑖, 𝑄𝑖 are the
actual real and reactive power injections. 𝛿∗, 𝑉∗ are the reference phase angle and voltage 
magnitude. To represent the sensitivity of indicating real and reactive power imbalance, 
the droop coefficients 𝜎𝛿𝑖 (for frequency) and 𝜎𝑉𝑖 (for voltage magnitude) are used, 
respectively. 
The coefficients σδi and σVi are calculated to set needed voltage magnitude and 
angle values for load sharing. These values are then used by the PR in each interface to 
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control the power sharing between microgrids in proportion to the ratings of each 
converter, as shown in equations (1.5) and (1.6). 
𝜎𝛿1 × 𝑃1 = 𝜎𝛿2 × 𝑃2 = ⋯ = 𝜎𝛿5 × 𝑃5  (1.5) 
𝜎𝑉1 ×𝑄1 = 𝜎𝑉2 × 𝑄2 = ⋯ = 𝜎𝑉5 × 𝑄5  (1.6) 
Using the phase angle (δ) to control the real power flow allows the angle droop 
technique to provide proper load sharing among the microgrids without affecting the 
steady state frequency. Using angle droop control strategies allows to establish stability 
study results for the whole system. 
In [2] a model reference control (MRC) based power sharing scheme is proposed 
to enable online modification of the set point for every operating condition. This ensures 
that real time stability and regulation requirements are met. Angle droop control requires 
phasor measurement units (PMUs) for angle referencing. 
Power Electronics and solar Photovoltaics 
The PV cell/module 
The first photovoltaic solar cell was developed at the Bell Labs in the 1950’s. The 
first PV applications were space satellites, and later low powered devices [12]. In the 
1970’s, the PV technology cost reduced to a point that made it available for other 
applications such as offshore gas and oil rigs, lighthouses, and even the residential 
applications started being considered as an option. [12]. 
The PV cell produces an electrical current by absorbing sunlight to raise electrons 
to a higher energy state. The PV cell then provides a path for these electrons to flow to an 
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external circuit, where the electricity is utilized [13]. A single PV cell can produce 
approximately half a volt, so they need to be connected in series to obtain a PV module, 
producing commercial voltages such as 12 V, 48 V, etc. 
It is possible to represent the PV cell by the equivalent circuit shown in Fig. 4. The 
PV cell can be represented by a current source in parallel with a diode, with the addition 
of the shunt and series resistances (Rp and Rs, respectively) [14]. 
Fig. 4. PV cell equivalent circuit. 
With the equivalent circuit, the PV cell module can be defined by equations 1.7 and 1.8: 
𝑖𝑝𝑣 = 𝑖𝑝ℎ − 𝐼𝑜 [𝑒𝑥𝑝 (
𝑣𝑝𝑣+𝑅𝑠𝑖𝑝𝑣
𝑉𝑡𝑎








Where: 𝑖𝑝𝑣 is the output current of the PV cell, 𝑖𝑝ℎ is the photo-generated current, 








series resistance of an individual cell, 𝑅𝑝 is the shunt resistance of an individual cell, 𝑘 is 
the Boltzmann constant, 𝑇 is the cell temperature in Kelvin, and 𝑞 is the electron charge. 
The P-V and I-V curves 
The P-V (power-voltage) and I-V (current-voltage) curves can be used to describe 
the electricity generation capabilities of a PV cell, module, or array of modules for a given 
set of weather conditions. Fig. 5 shows a typical set of I-V and P-V curves, including the 
most important parameters. It can be seen that the point of maximum power delivered by 
the PV system (Pmax) is the point where the product of the current and voltage is the 
biggest. The voltage and current at this point are commonly referred to as Vmp and Imp, 
respectively. The other two points of interest in the I-V curve are the current at zero output 
voltage (short circuit current ISC) and the voltage where there is no current in the output 
(open circuit voltage VOC), at these points, there is no power generated by the PV cell. 
Fig. 5. Relationship between the power and voltage of the PV cell (P-V curve), and 



























Power converters to interface PV modules with BESS and the grid 
PV modules need power electronic converters in order to be interfaced to the 
electrical grid. Traditionally, PV panels have been connected using centralized inverters 
interfacing a significant amount of PV modules that are connected in series (usually called 
a string) to avoid further voltage amplification. These strings are then connected in parallel 
using string diodes, to reach higher power outputs, the output of these arrangements are 
then processed by a power converter usually referred to as grid-tied inverter [15]. To 
reduce the cost of the total PV installation, several changes have been done to these power 
converters, as well as the PV module arrangements, including the addition of Battery 
Energy Storage Systems (BESS), transformer stages, etc. 
The main reasons to integrate BESS into PV systems are cost reduction, peak 
shaving, and the possibility of operating in islanded mode, among others [16]. 
To improve the safety of the system, and improve the voltage amplification stages, 
transformers have been used, either with Low Frequency Transformers (LFT) or high 
Frequency Transformers (HFT). 
Several PV/BESS system architectures have been used for grid interface, 
depending on the availability of BESS [15], the voltage levels at the input/output, the need 
for isolation, number of processing stages, efficiency, etc [16]. 
Based on these needs, 4 main categories have been proposed in [16] for residential 
PV/BESS architectures: 
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In line systems (Fig. 6) 
The PV modules are interfaced with a DC-DC stage that can perform Maximum 
Power Point Tracker functions, and provide power to the BESS or the DC-AC stage via a 
dc bus. The DC-AC stage is then used to interface the dc bus to the utility grid, where all 
the loads are connected. 
Fig. 6. In line systems. The BESS is connected directly to the dc-link, the PV system 
is interfaced with a DC-DC stage. The dc-link is then interfaced to the grid with a 
single DC-AC stage, where all the loads are connected. Adapted from [16]. 
DC coupled systems (Fig. 7) 
The PV modules and the BESS are interfaced with separate DC-DC stages to the 
dc-link. The dc-link is then interfaced to the grid and the residential load using a single











charge/discharge the BESS with the PV and/or the grid, if the power converters are bi-
directional. 
Fig. 7. DC coupled systems. Two separate DC-DC stages are needed to interface the 
PV and the BESS to the dc-link, this architecture improves flexibility to the BESS 
to be charged/discharged, the residential load is connected at the grid. Adapted 
from [16] 
AC coupled systems (Fig. 8) 
The PV modules and the BESS are interfaced independently to the grid. Each 
interface includes a DC-DC stage and a DC-AC stage. The absence of a common inverter 
results in a more modular approach that allows both the PV and the BESS to act 
independently from each other. This approach has the advantage of adding flexibility to 
the system by combining Electric Demand Side Management (EDSM) techniques used 












Fig. 8. AC coupled systems. The PV and the BESS are connected to the grid with 
independent DC-DC and DC-AC stages, this approach further improves flexibility, 
allowing techniques such as Electric Demand Side Management EDSM. 
AC and DC coupled systems (Fig. 9) 
In this configuration, the PV modules and the BESS are also interfaced with 
separate DC-DC stages to the dc-link. The dc-link is then interfaced to the grid using a 
single DC-AC stage, DC loads can be directly connected to the dc-link, and AC loads are 
connected to the grid. This increases the efficiency, since this eliminates the need for a 











Fig. 9. AC and DC coupled systems. One single stage is used to interface the dc-link 
with the grid. Loads can be connected at either the dc-link or the grid side, further 
improving flexibility and efficiency. Adapted from [16]. 
The isolation stages can be applied at different stages. Some systems use 
transformers embedded in the DC-DC stages (using HFT), other systems use transformers 
to interface the DC-AC stage with the grid (using LFT) [15]. 
This dissertation proposes a new architecture for PV/BESS grid interface. The 















Fig. 10. Proposed topology for PV/BESS interface to the grid. Named Power 
Electronics Intelligence at the Network Edge, this topology is discussed in chapters 
4 and 5. 
Voltage quality 
Voltage profile variations need to be tightly regulated because significant 
sags/swells might cause sensitive equipment malfunction [18]. Voltage magnitudes above 
or below the desired limit might cause problems such as overexitation, insulation failure, 
and undesired circuit breaker trips.  
As DERs penetration increase, standards regulating grid voltage need to change, 
not only to ensure new grid connected converters don’t make the grid become unstable, 















The stability of the future grid 
The stability in conventional power systems have been extensively studied for 
decades [19]; however, the electrical grid of the future has fundamental differences with 
the present grid, more stability studies are needed to ensure the proper function of such 
grid [2, 20]. The main differences between the present and future grid include: 
 High penetration of DERs, as such penetration increases, stability issues may arise,
even if the stability is guaranteed for each individual microgrid.
 Since DERs are interfaced to the grid via power electronics converters instead of
synchronous generators, they lack inertia, and frequency/phase angle may have a
unacceptable levels of variation, affecting the system overall stability.
 Microgrids are interconnected at the distribution level, at lower voltages, the
distribution lines’ ratios X/R are lower, and they cannot be considered lossless.
Energy Routers 
With increasing penetration of renewable energy sources such as, solar 
photovoltaic (PV), wind turbines and micro-turbines, there is an increasing need for 
control strategies and power electronics converters that result in dynamic and reliable 
power flow control. In order to control the power flow through two control areas there are 
several options, like tap-changing transformers and phase shifting transformers, which 
provide limited power flow. More complex and expensive options allow a wider control 
range are the Unified Power Flow Controller (UPFC), or the back-to-back HVDC link 
topologies. 
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Inverters and rectifiers control 
Single phase grid connected voltage source inverters (VSI) are frequently used in 
DERs applications such as solar Photovoltaic [15], especially at the residential level. The 
demand of these systems is expected to increase as renewable energy penetration keeps 
growing. Usually, the VSIs and the grid are interfaced through a line reactor. In most of 
these systems, the input/output current is controlled, while regulating the dc-link voltage 
magnitude [21]. 
There are several techniques to achieve current control of grid connected 
converters. These techniques can be categorized in two main groups [21]: 
a) Stationary frame control
b) Synchronous frame control
In this work, the synchronous reference frame (also referred to as dq frame) is used 
for simplicity. In the synchronous reference frame, ac quantities are processed as dc 
quantities, allowing the simplification of the control by enabling the use of PI controllers. 
In three phase systems, the transformation of the original system from the stationary frame 
to the synchronous frame is done in two steps: 
1) Transform the three-phase system to a two axes system using equations (1.9) and
(1.10) (known as the Clarke transformation). The two axes are commonly referred to




















𝑋𝑐]  (1.10) 
Where a, b and c represent the three phase component magnitudes. 
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2) Transform the two axes system in stationary frame to the synchronous frame using
equations (1.11) and (1.12) (known as the Park transformation). The new variables are
commonly referred to as d and q.
𝑋𝑑 = 𝑋𝛼 cos(𝑤𝑡) + 𝑋𝛽sin⁡(𝑤𝑡)  (1.11) 
𝑋𝑞 = −𝑋𝛼 sin(𝑤𝑡) + 𝑋𝛽cos⁡(𝑤𝑡)  (1.12) 
Where w is the angular velocity of the system, and t is time. 
However, for single phase systems, there is only one phase available for every 
variable, and in order to obtain the dq components, a minimum of two orthogonal variables 
are needed. To obtain a second orthogonal component, several techniques can be used. 
One of the most widely used techniques is the use of the all pass filter (APF), as shown in 
equation 1.13. By processing the original single phase variables through this APF, a set of 





                                                                                  (1.13)
Where w1 is the fundamental frequency of the system. 
The APF can be seen as a transport delay block, which produces a phase shift of 
90 degrees with respect to the original signal. The original signal is referred to as α, while 
the orthogonal signal is named β. In this fashion, the Park transformation (equations 1.11 
and 1.12) can be used to obtain the dq components.  
With dc quantities, conventional PI controllers can be used, and the output 
quantities of each controller are then transformed back to the stationary (αβ) frame using 
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equations (1.14) and (1.15) (also known as the reverse Park transformation) in order to 
obtain the control signals for the converters: 
𝑋𝛼 = 𝑋𝑑 cos(𝑤𝑡) − 𝑋𝑞sin⁡(𝑤𝑡)  (1.14) 
𝑋𝛽 = 𝑋𝑑 sin(𝑤𝑡) + 𝑋𝑞cos⁡(𝑤𝑡)  (1.15) 
The signal 𝑋𝛼 is usually used as the modulation signal for the converter, and the 
signal 𝑋𝛽 is discarded. The control strategy for each topology is discussed in more detail 
in the corresponding chapter. 
Grid voltage phase detection 
Grid connected VSIs need to obtain information from the utility grid, such as 
phase, amplitude and frequency of the grid voltage in order to synchronize the power 
converter with the utility grid, this enables the accurate generation of the reference signals 
for current control. This information is obtained by a Phase-Locked-Loop (PLL) structure. 
Fig. 11 shows the needed PLL structure used for grid connected VSIs [24, 25]. It 
can be seen that the phase detection is done by synchronizing the grid voltage vector with 
the reference frame of the PLL. The reference of the q component of the grid voltage is 
set to zero in order to lock the PLL output with the grid voltage phase angle [25]. 
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Fig. 11. General structure of PLL for grid synchronized converters. Adapted from 
[25]. 
As previously mentioned, in single phase systems, in order to use the Clarke 
transformation, an orthogonal signal needs to be generated, usually, this is obtained by the 
use of an APF that introduces a 90° phase shift between the original and the needed signal. 
In PLL applications, this simple method presents several issues, such as: frequency 
dependency and poor filtering of the orthogonal system [25]. In this work, the strategy to 
generate the orthogonal signal is based on [26], as shown in Fig. 12. 
Fig. 12. Strategy to create the orthogonal component of the grid voltage. Adapted 
from [26]. 
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Where k is a proportional gain, α’ represents the input signal (grid voltage) and α and β 
are the needed components for the PLL to determine the phase, amplitude and frequency 
of the utility voltage. 
Research Objective 
It is evident that in order to meet with the increasing energy demand, while 
reducing non-renewable sources dependence, reliability, stability and efficiency concerns 
must be addressed. In response to these needs, this dissertation aims to propose and 
analyze new control schemes, as well as the needed power electronics converters to enable 
them.  
Traditional voltage control is done in two separate stages, a rectifier stage and the 
inverter stage, using a dc-link capacitor to interface them. In order to avoid the bulky dc-
link stage, and reduce the number of needed conversion stages, AC-AC converters have 
been implemented where only voltage magnitude regulation is desired. In this dissertation, 
a new topology named Power Electronics Transformer with Dynamic Voltage and Angle 
Droop Control (PET-DVADC) is introduced.  
The proposed topology is designed to enable a modified angle droop control 
strategy, also described and analyzed in this work. The PET-DVADC topology generates 
the needed voltages by using fractionally rated transformers and AC-AC converters, 
eliminating the need for rectifier and dc-link stages, aiming to improve efficiency, 
reliability and cost. 
The modified angle droop control strategy increases the flexibility for power flow 
control in microgrid applications. Enabling the possibility of Energy Transactions between 
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peers (or peer-to-peer energy transactions). This dissertation studies the application of this 
strategy, as well as the PET-DVADC in a setup consisting in 5 microgrids. 
Since the voltage variation issue is one of main challenges for increased 
penetration of renewable sources of energy, this dissertation proposes and discusses a new 
topology to interface a residential PV/BESS system with the distribution grid. The 
resultant topology is called Power Electronics Intelligence at the Network Edge (PINE), 
besides addressing the voltage variation issue, this topology aims to improve the 
distribution grid thanks to other advantages presented and discussed in this work.  
An average model of the proposed topology is developed to investigate its effects 
in a distribution grid with high penetration levels of power electronics. A test feeder based 
on the IEEE-37 test node feeder is developed to simulate a case where all the residential 
loads are interfaced using a PINE converter.  
The proposed control strategies and power electronics topologies aim towards the 
energy internet concept by improving microgrid interface control accuracy, allowing the 
increase of residential PV penetration, and adding smart grid features to existing grids. All 
the topologies have bi-directional capabilities.  
Structure of dissertation 
This dissertation is divided in five chapters. The first chapter discusses current 
microgrid control strategies, as well as usual topologies and control schemes used to 
interface PV/BESS with the grid.  
The second chapter proposes a new power electronics realization to enable power 
flow control by controlling the PCC output voltage magnitude and phase using phase 
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shifting transformer techniques. The resultant topology is called Power Electronics 
Transformer with Dynamic Voltage and Angle Droop Control (PET-DVADC), the 
topology is designed to enable a modified angle droop control technique discussed in 
chapter 3. Simulation results are presented. 
The third chapter proposes a modified angle droop control technique that allows a 
more accurate control of active/reactive power, enabling peer-to-peer energy transactions 
(or Transactive Energy). Simulation results using a design example consisting of 5 
microgrids with different penetration levels of renewable energy are presented. 
The fourth chapter proposes a power electronics topology that interfaces a 
residential load, including a rooftop solar PV/Battery system to the grid, enabling several 
advantages that contribute to the electrical grid of the future, the resultant topology is 
named Power Electronics Intelligence at the Network Edge (PINE) simulation and 
hardware results are presented. 
The fifth chapter discusses the implementation of PINE in the distribution grid. 
High penetration levels of PINE interfaced loads are simulated. The advantages of a 
distribution system without PINE at every node are also presented.  
Finally, chapter 6 provides a summary of the research work reported in this 
dissertation and finalizes with recommendations for further research topics in this area. 
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CHAPTER II 
POWER ELECTRONICS TRANSFORMER WITH DYNAMIC VOLTAGE AND 
ANGLE DROOP CONTROL FOR MICROGRID APPLICATIONS* 
This chapter introduces a power router (PR) that that enables power flow control 
between microgrids without the use of a dc-link. The proposed PR is realized by 
augmenting a fractionally rated transformer with AC-AC converter blocks (also 
fractionally rated). This leads to a topology which is named as Power Electronics 
Transformer with Dynamic Voltage and Angle Droop Control (PET-DVADC). Design 
details of the PET-DVADC concept are discussed. The equations used to obtain the 
required duty cycles are also presented. 
A design example is used to obtain simulation results for a desired voltage needed 
from the proposed topology. 
Introduction 
In the traditional electrical grid, there is limited capability of power flow control 
between different control areas. As the penetration of distributed energy resources 
increases, the need for accurate and reliable control over the power flow between different 
control areas needs to increase. In today’s current electrical grid, the limited control of 
power flow control is the energy router. In [27], a theoretical analysis for one option of 
energy router, the Controllable Network Transformer (CNT) is developed. 
* © 2018 IEEE. Reprinted, with permission from [10] Jorge A. Ramos-Ruiz, Prasad Enjeti, Le Xie, “Peer-to-
peer Energy Transaction in Microgrids with Power Electronics Enabled Angle Droop Control” in 
IEEE Electronic Power Grid (eGRID), November 2018, pp. 1-6.
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The CNT is a low cost option, optimized for only magnitude control, having real 
power flow control limited capabilities. In [28], a different energy router technology 
scheme is presented, called the compact dynamic phase angle regulator (CD-PAR), it is 
optimized for real power flow control, but compromises the reactive power flow accuracy. 
The energy router is the main component for making a usual distribution grid “smart”, by 
enabling power flow control at any given node. In this chapter, a new topology for an 
energy router PET-DVADC is proposed. 
AC-AC converters 
Traditionally, AC-AC conversion has been done in two separate stages, a rectifier 
stage and the inverter stage. The rectification stage is usually implemented by using either 
a diode rectifier or a PWM rectifier, using a dc-link stage to interface them. This approach 
is needed when variable frequency is desired. In order to avoid the dc-link stage, AC-AC 
converters can be implemented where only voltage magnitude regulation is desired. 
In recent years, several AC-AC topologies have been proposed. In [29], an AC-
AC converter with high efficiency and bi-directional capabilities is proposed, but the main 
limitation is that the output voltage is fixed, so there is no control on the output voltage. 
Other common topologies are the buck and boost types [30], they can only provide 
unipolar output voltage, which reduces the flexibility of the system. 
In this work, a full bridge configuration is used to achieve the AC-AC conversion, 
as shown in Fig. 13. This allows for more flexibility in the output voltage magnitude 
control. The topology can increase or decrease the input voltage, it can also provide a 
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positive or negative voltage, as shown in Fig. 14. The mentioned configuration has been 
used for Solid State Transformer applications [31]. 
Fig. 13. AC-AC full bridge configuration. 
The full bridge configuration enables three different states in the output voltage. It 
can be seen that in order to obtain a switch that can block the voltage in both directions, 
two regular switches can be connected in an anti-series fashion. Fig. 14 shows the 











Fig. 14. Instantaneous states in a full bridge AC-AC converter. a) Instantaneous 
voltage is equal to the input voltage (Vout=Vin). b) and c) The instantaneous output 
voltage is zero (Vout =0). d)Instantaneous output voltage has inverse polarity with 
respect to the input voltage (Vout=-Vin). 
As shown in Fig. 14, the three instantaneous voltage states can be obtained using 
4 different combinations: 
 When switches sw1, sw2, sw3, and sw4 are ON, while switches sw5, sw6, sw7 and sw8
are OFF, the output voltage Vout has the same polarity as Vin (Vout=Vin). This is














































 Two different combinations will produce a zero output voltage (Vout=0). When
switches sw1, sw2, sw7 and sw8 are ON, and sw5, sw6, sw3, and sw4 are OFF, as shown
in Fig. 14b. The inverse combination will also produce an output voltage equal to zero,
as shown in Fig. 14c.
 When switches sw5, sw6, sw7, and sw8 are ON, while switches sw1, sw2, sw3 and sw4
are OFF, the output voltage Vout has the inverse polarity as Vin (Vout=-Vin). This is
depicted in Fig. 14d.
The switching signals used to obtain the different voltages are shown in Figs. 15 
and 16. It can be seen that to produce an output voltage with the same polarity as the input, 
the instantaneous voltage is made to alternate between Vout=Vin and Vout=0, as shown in 
Fig. 15. To produce a voltage with the inverse polarity, the output voltage is made to 
alternate between Vout=-Vin and Vout=0, as shown in Fig. 16. By controlling the proportion 
between Vout=±Vin and Vout=0 states, the magnitude of the output voltage can be 
controlled. 
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Fig. 15. Switching strategy used to obtain same polarity output voltage. a) Input 
and Output voltages of single AC-AC converter; b) switching signals for switches 
sw1, sw2, sw3 and sw4; c) switching signals for switches sw5, sw6, sw7 and sw8. 
Fig. 16. Switching strategy used to obtain inverse polarity output voltage a) Input 
and output voltages of single AC-AC converter; b) switching signals for switches 




































































Proposed topology for PET-DVADC 
Fig. 17 shows the proposed topology for PET-DVADC. It consists of a delta-star 
connected transformer with three primary and nine fractionally rated secondary windings 
(three per phase), each one connected to an also fractionally rated AC-AC converter. The 
desired voltage for each phase is then obtained from equations (2.1-2.3). 
𝑉𝐴
′ = 𝑉𝐴 ± 𝑑1𝑛1𝑉𝐴𝐵 ± 𝑑2𝑛2𝑉𝐵𝐶 ± 𝑑3𝑛3𝑉𝐶𝐴  (2.1) 
𝑉𝐵
′ = 𝑉𝐵 ± 𝑑3𝑛3𝑉𝐴𝐵 ± 𝑑1𝑛1𝑉𝐵𝐶 ± 𝑑2𝑛2𝑉𝐶𝐴   (2.2) 
𝑉𝐶
′ = 𝑉𝐶 ± 𝑑2𝑛2𝑉𝐴𝐵 ± 𝑑3𝑛3𝑉𝐵𝐶 ± 𝑑1𝑛1𝑉𝐶𝐴  (2.3) 
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Fig. 17. Proposed Power Electronics Transformer with Dynamic Voltage and Angle 
Droop Control (PET-DVADC). 
Fig. 18 shows in more detail an example of the process to obtain the desired 
voltage.  It can be seen that the more efficient way to obtain a +45° phase shift with no 
change in magnitude is to add a fraction of VBC (d2n2VBC) and then subtract a fraction of 
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VAB (-d1n1VAB). These fractions are achieved by multiplying the voltages by their 
respective transformer turn ratio and duty ratios. 
Fig. 18. Voltage realization example by the PET-DVADC topology. 
Different combinations can result in the same voltage, so a voltage VCA (±d3n3VCA) 
can also be added/subtracted to obtain the same result, this will in turn improve the systems 
reliability, so if one of the AC-AC converters failed, the needed voltage can still be 
achieved, as shown in Fig. 19. 
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Fig. 19. If the converter that that produces d1n1VAB voltage fails, the converter that 
produces the voltage d3n3VCA can be used to achieve the same voltage VA
’, 
increasing the reliability of the system. 
Duty cycle calculations 
The required duty cycles to obtain a desired voltage by the PET-DVADC are 
obtained using equations (2.4 - 2.14). 
𝑉𝐴 = 𝑉𝑖 ∗ sin⁡(wt + 𝛿𝑖) (2.4) 
𝑉𝐵 = 𝑉𝑖 ∗ sin⁡(wt + 𝛿𝑖 − 120)           (2.5) 
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𝑉𝐴𝐵 = √3 ∗ 𝑉𝑖 ∗ sin⁡(wt + 𝛿𝑖 + 30)                                                         (2.7) 
𝑉𝐵𝐶 = √3 ∗ 𝑉𝑖 ∗ sin⁡(wt + 𝛿𝑖 + 270)                                                       (2.8) 
𝑉𝐶𝐴 = √3 ∗ 𝑉𝑖 ∗ sin⁡(wt + 𝛿𝑖 + 150)         (2.9) 
𝑥 = 𝑉𝑖 ∗ cos⁡(𝛿𝑖)           (2.10) 
𝑦 = 𝑉𝑖 ∗ sin⁡(𝛿𝑖)          (2.11) 









𝑑3𝑛3 = 0 (2.14) 
Where: i is the ith microgrid, δi and Vi are the PCC desired voltage angle and 
magnitude, Vbase is the system base voltage, x is the needed voltage in phase component, 
y is the needed voltage orthogonal component, VA, VB and VC are the phase voltages, VAB, 
VBC, and VCA are the line-to-line voltages, di is the corresponding duty cycle and ni is the 
corresponding transformer turns ratio. 
Example system to optimize transformer ratings 
The proposed PET-DVADC topology enables a wide range of control for voltage 
magnitude and phase angle. In this section, a design example to optimize the power ratings 
of the transformer windings is proposed. 
For the proposed application, the whole system’s installed capacity is 𝑃3−𝑝ℎ𝑎𝑠𝑒  = 
1300 kW and 𝑄3−𝑝ℎ𝑎𝑠𝑒  = 630 kVAR. Designing a system to be able to provide the required 
power to the grid, assuming it has a voltage magnitude of 1.0 pu and a phase angle of 0, 
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will result in a required voltage magnitude and phase angle for a PET-DVADC (single 
phase). This voltage can be estimated with equations (2.15) and (2.16). 
For a 13.2 kV system, with a 48-mile length, the chosen parameters are 








= 𝑄1−𝑝ℎ𝑎𝑠𝑒         (2.16) 
The required voltage phase and magnitude are estimated to be 𝛿<4°, and 𝑉𝑖<1.03 
pu, respectively. In the low voltage side, this translates to a single phase voltage of: 
VA’<273.5 V. With the magnitude and phase angle known, the required terms for duty 
ratio multiplied by turns ratio (𝑑x𝑛x) are calculated using equations 2.10-2.14, resulting 
in: 𝑑3𝑛3=0.018, and 𝑑2𝑛2=-0.032. 
The power ratings of the proposed PET-DVADC topology depend on the output 
voltage requirements, both phase angle and voltage magnitude. As the requirement of 
phase angle difference increases, the required voltages also increase. In a similar manner, 
as the requirement of voltage magnitude difference increases, the required voltages will 
increase. This is shown in equations 2.4 - 2.16. 
For this system, a turns ratio of n:n1, n:n2, and n:n3 of 0.1 is proposed to have 
enough flexibility, meaning the maximum voltage that could be present in the secondary 
side of the fractionally rated transformer results in 46 V, with a peak value of 65V. 
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Simulation results 
An example system was designed and simulated in PSIM for a phase voltage VA 
= 256 V, with a change in phase angle at t = 50 ms, and a change in magnitude at t = 100 
ms. The main purpose is to show how the controller reacts when the magnitude and/or 
phase angle of the interface voltage needs to be adjusted dynamically. Table 1 summarizes 
the parameters used for the simulation. 
Table 1. Desired output voltage of phase A. 
Parameter t < t1 t1 < t < t2 t > t2 
Phase voltage VA 1 pu 1 pu 1.1 pu 
Phase angle 0° 15° 15° 
Nominal voltage per phase 460 / √3 
Fig. 20 shows the vector diagram of the needed duty cycles calculated to obtain the desired 
output voltage after t2=100 ms. It can be seen that the optimal combination to achieve the 
mentioned voltage is by using the windings n2 and n3. 
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Fig. 20. Vector diagram representation of the needed voltages to obtain an output 
voltage with 1.0 pu magnitude and 15° of phase shift. 
Figs. 21 and 22 show the simulation results for the proposed system. As shown in 
table 1, a change in phase angle δ is made between 0 and 15 at t1 = 50 ms, and a change 
in magnitude from 1 pu to 1.1 pu is then made at t2 = 100 ms. Fig. 21 shows the needed 
fractions of voltages VBC and VCA needed to achieve these angles/magnitudes, this is 

























Fig. 21. The phase phase angle is changed from 0 to 15 at t1 = 50 ms, and magnitude 
from 1 p.u. to 1.1 p.u. at t2 =100 ms. 
Fig. 22. Fractions of line to line voltages needed to achieve the output voltage 
changes. 
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Conclusions and future work 
This chapter introduced a new power router topology that enables power flow 
control between microgrids without the use of a dc-link. The proposed PR was designed 
by augmenting a fractionally rated transformer with AC-AC converter blocks (also 
fractionally rated). The proposed topology was named as Power Electronics Transformer 
with Dynamic Voltage and Angle Droop Control (PET-DVADC). Design details of the 
PET-DVADC concept were discussed and analyzed.  
A design example was used to obtain simulation results for a desired voltage 
needed from the proposed topology. 
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CHAPTER III     
PET-DVADC ENABLED ANGLE DROOP CONTROL FOR MICROGRID POWER 
FLOW CONTROL* 
In this chapter, a modified Angle Droop Control (ADC) scheme is presented with 
added flexibility for accurate peer-to-peer Transactive Energy (TE) control in an 
interconnected microgrid system. The proposed scheme enables TE (i.e. energy transfer 
on demand) between two or more microgrids with simultaneous guaranteed stable 
operation due to overlaid ADC. To enable such a scheme, a power router (PR) for power 
flow control was introduced in chapter 2, named PET-DVADC. The interface of the 
proposed topology resides at distribution voltage level of the micro-grid interface point 
before the step-up transformer. Simulations on a five interconnected microgrid 
architecture are presented. Energy transactions between two and three microgrid examples 
are discussed with the proposed PET-DVADC control. 
Introduction 
The need for accurate microgrid power flow control has received increased 
attention in the literature, specially the topic of Transactive Energy (TE) [32-36]. In view 
of this, the Grid-Wise Architecture Council initiated a discussion in the area of TE 
systems, to facilitate the integration of “prosumers”, utility companies and researchers to 
obtain common definitions and standards in this area [33, 34]. Peer to Peer markets in TE 
* © 2018 IEEE. Reprinted, with permission from [10] Jorge A. Ramos-Ruiz, Prasad Enjeti, Le Xie, “Peer-to-
peer Energy Transaction in Microgrids with Power Electronics Enabled Angle Droop Control” in IEEE
Electronic Power Grid (eGRID), November 2018, pp. 1-6.
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frameworks have been extensively studied [35, 36]. To enable any TE approach, the 
importance of precise power flow control strategies becomes evident, as it can have a high 
impact on the system’s stability [37].  
As previously mentioned, angle droop control uses the phase angle (δ) to control 
the flow of real power, and the voltage magnitude (V) to control the flow of reactive 
power, as shown in equations (1.3) and (1.4).  
In [38], a modified angle droop control technique is introduced to improve the 
accuracy of the proportional power sharing by communicating each PCC with its 
neighbors, without affecting the stability of the network. This chapter proposes a modified 
angle droop control method approach, to enhance the flexibility of the system, by 
providing each microgrid with the freedom to not only share power in a proportional way. 
This will allow each microgrid to decide if more energy is to be sent (or received) to/from 
the rest of the grid. 
Different methods have been studied for power flow coordination, traditionally, 
power flow has been achieved by setting the operating modes of generators, shunt VAR 
compensation and Load Tap-Changing methods, but the range of control is limited [19]. 
In [27], the controllable network transformer (CNT) is introduced, it consists of a 
fractionally rated transformer augmented by an AC-AC converter. It is a low-cost option, 
but is optimized for only magnitude control, having real power flow control limited 
capabilities. 
In [28], a Power Router (PR) technology optimized for real power flow 
coordination is presented, it is called the compact dynamic phase angle regulator (CD-
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PAR). Similar to the CNT, it uses fractionally rated transformers to obtain the desired 
voltage realization, it assumes that the needed phase angle δ is small, and does not have 
full control over the voltage magnitude, compromising reactive power flow accuracy. 
In this chapter, a modified Angle Droop Control scheme is discussed as a possible 
approach to implementing the peer-to-peer energy transaction. The new scheme provides 
the DSO with an additional degree of freedom, enabling peer-to-peer energy transactions. 
An example system using five microgrids with high renewable energy penetration is used 
to prove the validity of the proposed approach, as shown in Fig. 23. 
Fig. 23. Proposed Transactive Energy (TE) scheme for interconnected microgrids 
Angle Droop Control. Note: each microgrid is connected to the system at the point 
of common coupling (PCC) through a Power Router (PR). In this example, the 
PET-DVADC topology (discussed in detail in chapter 3) is shown to enable 
dynamic adjustments to PCC voltage magnitude and phase angle. 


























AC-AC Converter (fractional 



































Fossil fuel capacity=120 kW
80 kW
120 kW Utility grid
VA=VA    0 



















































Conventional Angle Droop Control 
Conventional Angle Droop Control achieves power sharing between microgrids 
by using P-δ control (for real power sharing) and Q-V droop control (for reactive power 
sharing) [2, 11]. The voltage angle and magnitude droop control law is shown in equations 
(1.3) and (1.4). 
Modified Angle Droop Control for peer-to-peer energy transaction 
In this section, changes to conventional angle droop control are discussed. The 
proposed modifications to conventional Angle Droop Control scheme to enable 
Transactive Energy control are shown in Fig 24. When a TE operation is required by the 
DSO, the required power to be supplied by a particular microgrid is given to the controller 
as Pi, desired. This required power is then compared to the power being supplied by the 
microgrid, and the difference is then handled by a PI controller. The output of the PI 
controllers (Fig. 24) results is the needed change for the PCC’s voltage magnitude Vi and 
phase angle δi. Both Vi and phase angle δi are controlled by adjusting the duty cycle of AC 
to AC converter blocks in PET-DVADC (see chapter 2 for additional details). 
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Fig. 24. Modified Angle Droop Control scheme. a) Phase angle droop controller. b) 
Voltage magnitude droop controller. 
It can be seen from Fig. 24a that if a microgrid is requires additional real power 
from the rest of the system, the difference Pi – Pi,desired will be positive, resulting in a 
reduction of its PCC phase angle. This will enable the desired power transfer. Similarly, 
Fig. 24b shows the needed adjustments for the differences in reactive power. 
Design examples and simulation results 
Fig. 25 shows example interconnections between five microgrids. Each microgid 
depicted in Fig. 25 is assumed to have different renewable energy penetration and load 
profile. As described previously, each microgrid is interfaced to the other via a power 
router PET-DVADC. In this section, two different scenarios of the example system are 
simulated in PSIM for the power ratings shown in Fig. 25 and table 2. The main purpose 
is to show how the modified angle droop control is able to accurately control the power 
generated per microgrid as required. 
Transactive Energy Scenario # 1 
In the first scenario (see Figs. 25, 26 and 27), the loads of all microgrids are 




















At this time, since the renewable energy sources availability is not optimal, the microgrids 
need to rely on fossil fuels to meet their total demands. At t = 0.2 seconds, the loads remain 
the same, however it is assumed that there is an increase in the renewable energy 
availability in µG5 (55 kW). This additional availability of 55 kW can now be transacted 
by the DSO to µG1 and µG2 to reduce the usage of fossil fuel resources in their systems. 
This scenario is graphically shown in Fig. 25, where µG5 delivers to µG1 (25 kW) and µG2 
(30 kW). In order to accomplish this transactive energy flow, the modified angle droop 
controller, as shown in Fig. 27, reduces the phase angles δ1 and δ2, and increases δ5, 
enabling the required action by the PET-DVADC. 
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Fig. 25. Simulation scenario 1 for Transactive Energy application. After 0.2 
seconds, the availability from renewable sources in µG5 increases by 55 kW, and 
the DSO distributes the power to µG1 (25 kW) and µG2 (30kW), so they can reduce 
their fossil fuel needs. 
Fig. 26 shows the accurate power flow control. After t = 0.1 seconds, the load is 
increased in all microgrids, it can be seen that thanks to the conventional angle droop 
control, the power is shared appropriately by all the microgrids. After t = 0.2 seconds, µG5 
is required to supply 25 kW, 12.1 kVAR to µG1 and 30 kW, 14.5 kVAR to µG2. By using 
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Fig. 26. Simulation results for the proposed scenario, after t = 0.1seconds, the 
system load changes from 25% to 85%, after t = 0.2 seconds, μG5 provides 25kW, 
12.1 kVAR to μG1 and 30 kW, 14.5 kVAR to μG2. 
Fig. 27 shows the voltage magnitudes and phase angles that the PET-DVADC 
topology needs to realize to allow the power flow control, as required by the DSO. As can 
be seen, since 25 kW are required by the µG1 to reduce its fossil fuel consumption, the 
total power it will produce is only 60 kW instead of the previous 85 kW, this difference is 
handled by the PI controller, resulting in a reduction of the phase angle δ1 allowing the 
µG1 to receive power from the µG5. Since it also requires reactive power, the voltage 
magnitude at the PCC will also reduce in a similar fashion. 
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Fig. 27. Simulation results for the proposed scenario, after t = 0.2 seconds, δ1=9.95, 
δ2=10.4 and δ5=11.2, while the other phase angles are set at δi=11.04, enabling real 
power flow control. To control the reactive power, V1 = 260, V2 = 264, V5 = 280, 
while the other magnitudes are set at Vi =  271 V. 
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Table 2 summarizes the steps taken in the example system scenario. 
Table 2. Steps taken to show the system response when a TE operation is 
performed by the system between µG1, µG2 and µG5. 
Transactive Energy Scenario # 2 
In the second scenario (see Figs. 28, 29 and 30), the loads of all microgrids are 
also increased from 20% to 85% at t = 0.1 seconds. At t = 0.2 seconds, the DSO makes 
the decision to completely eliminate fossil fuels consumption for µG2, while the loads 
remain the same. Since there is a surplus in the renewable energy availability in µG5 (50 
kW). This additional availability of 50 kW can now be transacted by the DSO to µG2 to 
eliminate its usage of fossil fuel resources. This scenario is graphically shown in Fig. 28 
where µG5 delivers 50 kW to µG2. In order to accomplish this transactive energy flow, the 
modified angle droop controller, as shown in Fig. 30, reduces the phase angle δ2, and 
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Fig. 28. Simulation scenario 2 for Transactive Energy application. After 0.2 
seconds, the availability from renewable sources in µG5 increases by 50 kW, this 
can be used to completely eliminate the needs for fossil fuel sources that µG2 needs. 
Fig. 29 shows the accurate power flow control. After t = 0.1 seconds, the load is 
increased in all microgrids, it can be seen that thanks to the conventional angle droop 
control, the power is shared appropriately by all the microgrids. After t = 0.2 seconds, µG5 
is required to supply 50 kW, 29.3 kVAR to µG2. By using the proposed control, it can be 
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Fig. 29. Simulation results for the proposed scenario, after t = 0.2 seconds, δ2 = 10.1 
and δ5 = 11.07, while the other phase angles are set at δi = 11.02, enabling real 
power flow control. To control the reactive power, V2 = 258, V5 = 279, while the 
other magnitudes are set at Vi = 271 V. 
Fig. 30 shows the voltage magnitudes and phase angles that the PET-DVADC 
topology needs to realize to allow the power flow control, as required by the DSO. 
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Fig. 30. Simulation results for the proposed scenario, after t = 0.2 seconds, δ2 = 10.1 
and δ5 = 11.07, while the other phase angles are set at δi = 11.02, enabling real 
power flow control. To control the reactive power, V2 = 258, V5 = 279, while the 
other magnitudes are set at Vi = 271 V. 
Conclusions and future work 
This chapter discussed the implementation of a modified Angle Droop Control 
(ADC) scheme that is proposed as a means to achieve peer-to-peer energy transaction in 
future microgrid interconnections. The proposed strategy is intended to work with the 
topology presented in chapter 2 (PET-DVADC). Two example scenarios have been 
simulated extensively and results are discussed. 
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CHAPTER IV 
POWER ELECTRONICS INTELLIGENCE AT THE NETWORK EDGE (PINE) – A 
NEW TOPOLOGY TO INTERFACE PV AND BATTERY ENERGY STORAGE 
SYSTEMS AT THE GRID EDGE** 
In this chapter, a self-organizing power electronic converter with control 
intelligence at the edge of the network is proposed and discussed. The proposed converter 
is called Power Electronics Intelligence at the Network Edge (PINE). The proposed 
approach consists of a power electronic converter (rectifier/dc-link/inverter) used to 
supply residential loads. The rooftop solar and battery energy storage system is connected 
to the dc-link. With the bidirectional characteristic of the PINE, the load voltage is 
regulated via feedback, while input distribution voltage can be allowed to vary in a range. 
This type of configuration allows for control of input power factor to be unity, reactive 
power to be injected at the grid edge to regulate the voltage and also enable energy 
budgeting, i.e. limit the amount of power to the residential load under disaster situations 
[39]. This concept provides a possible pathway toward supporting a very high level of PV 
penetration in present and future distribution systems. Simulation and experimental results 
on a laboratory prototype system validate the PINE converter concept. 
** © 2018 IEEE. Reprinted, with permission, from [39] Jorge A. Ramos-Ruiz, Prasad Enjeti, Le Xie, “Power 
Electronics Intelligence at the Grid Edge – Enables Energy Budgeting” in IEEE Electronic Power Grid 
(eGRID), November 2018, pp. 1-6. 
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Introduction 
Recently, there has been an effort by governments and utilities around the world 
to derive a significant amount of energy from renewable sources, increasing renewable 
electricity capacity to unprecedented levels; this growth is expected to continue in the near 
future, or even accelerate [40]. If such systems are adopted with high penetration of PVs 
varying their output, inter temporally in an unpredicted manner, maintaining a good 
voltage profile becomes challenging due to the low spatial and temporal resolution of 
voltage control devices [41]. Actually, the challenges to maintain a good voltage profile 
limits how much PV can be connected to distribution systems [42]. 
In traditional residential PV/BESS systems, the house/load is directly connected 
to the grid and the residential load is susceptible to grid voltage variations. Further, since 
the power supplied from the grid is not processed, it is not possible to limit the amount of 
power delivered to each consumer in case of limited availability. 
The topic of electric distribution system optimization and restoration has attracted 
increased attention thanks to the smart grid investments across the world. Examples of 
distribution system optimization and volt var regulation efforts are shown in [43, 44]. 
Further, [45, 46] explore the possibility of using microgrids as a way to improve power 
supply resilience during natural disasters. This is done by adding diversity to the energy 
source, reducing the dependency on certain essential infrastructures to operate a system 
(or lifelines). Theoretical calculations confirmed via Monte Carlo simulations are 
employed to show the availability and higher availability in the presence of renewable 
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energy sources is confirmed. They do not however, show disaster reconfiguration 
architecture and energy budgeting aspects that are essential under post-disaster scenarios. 
Assessments post-2005 bombings in London conclude that cell phone networks 
are not resilient, however, the Internet designed as a network with its intelligence at the 
edge is highly resilient [47]. Such resiliency is needed for power distribution too since 
electricity is the very lifeblood of modern civil society, just as much as communication is. 
There is urgent need to restore the critical needs, if not all the needs, of access to 
electricity. 
Traditionally, residential rooftop solar PV/Battery systems are installed employing 
dedicated converters for each [16]. The main advantages are: a) energy cost reduction, b) 
peak shaving, c) volt var control, d) consumption in rural areas. Fig. 31 shows such a 
system where in the roof-top PV and the battery energy storage system (BESS) employ 
separate DC-AC converters interfaced to the grid. 
Fig. 31. Conventional rooftop PV and battery energy storage system (BESS) 











It is noted that the house/load is directly connected to the grid and the residential 
load is susceptible to grid voltage variations. Further, since the power supplied from the 
grid is not processed, it is not possible to limit the amount of power delivered to each 
consumer in case of limited availability. 
In view of this, this chapter focuses on self-organizing power electronics 
intelligence at the very edge of the electric distribution network. The resultant paradigm 
of grid operation is termed power electronics intelligence at the network edge (PINE) as 
shown in Fig. 32, first introduced in [48]. The proposed converter is deployed at the very 
edge of  the network, i.e., behind the electric meter, enabling the utility company to 
perform energy budgeting during disaster events, while keeping the end-users’ voltage 
constant, and reducing input current harmonics during normal operation. PINE can also 
be controlled to inject reactive power to the grid for volt var control (VVC).  
Fig. 32. Proposed power electronics at the grid edge - a self-organizing converter 











The main advantages of the proposed power electronics at the grid edge concept are: 
 Since PINE is deployed in front of each residential load, input utility voltage can
vary over a wider range since PINE allows for output voltage to be regulated
regardless of input voltage variations.
 The Front End PWM converter can be controlled to exhibit close to unity input
factor with sinusoidal input current shape. This reduces the overall rms value of the
currents flowing in the distribution system, minimizing losses.
 Since the power consumed by the residential load is entirely processed via the PINE
converter, the output load current can be limited during disasters based on the
available power. Hence energy budgeting can be implemented with the proposed
topology. This feature can be enabled remotely using Internet-of-Things (IoT)
technology.
 Since the power consumed by the residential load is entirely processed via the PINE
converter, the output load current can be limited during disasters based on the
available power. Hence energy budgeting can be implemented with PINE.
 The overall cost of the PINE converter is comparable with a separate PV inverter and
BESS converter. Since the average cost of a PV inverter (in residential applications)
represents 10% of the overall cost. Assuming a residential setup already has a PV
inverter installed, the extra cost in hardware can be estimated to be similar to getting
an extra PV inverter.
 Output voltage (120/240 V, 60 Hz) is regulated via PWM control of the output
converter.
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 PINE is based on distributed decision-making without any need for coordination.
 Power flow is bidirectional.
 The proposed PINE topology enables the use of power disaggregation, or non-
invasive load monitoring (NILM) [49], and Voltage Conservation Reduction (VCR)
[50], both strategies allow the customer to reduce energy consumption.
Fig. 31 shows an example system where in the roof-top PV and the battery energy 
storage system (BESS) employ separate converters interfaced to the grid, each of them 
with its own DC/DC, isolation and DC/AC stages [15, 16]. Comparing Fig. 31 with the 
proposed PINE architecture in Fig. 32, it is noted that the proposed PINE integrates both 
PV and BESS interface with the utility in a single converter architecture. Figs. 33 and 34 
show one possible circuit topology of the PINE architecture depicting that total number of 
device components are not exceeded compared to Fig. 31. Comparing the size of PV 
installations on each home and BESS ratings, the PINE architecture VA ratings is 
comparable and without any additional cost penalty.  
Proposed PINE topology 
The proposed PINE concept, as shown in Figs. 33 and 34, is designed to power the 
120/240V split phase loads in a typical home and consists of three main stages. The first 
stage consists of a front end PWM converter that minimizes current harmonics from the 
grid, and maintains the dc-link voltage magnitude constant when the PV/Battery system 
is not being used. The middle stage is a rooftop solar system that consists of a PV module 
and a BESS interfaced through a power sharing converter to the voltage VEF, this is then 
interfaced to the dc-link through a bidirectional high frequency series resonant DC-DC 
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converter. The final stage consists on an output PWM converter that feeds a split phase ac 
output (120/240V, 60 Hz). Since the power from the grid is handled entirely by the 
proposed topology, energy budgeting is available during disaster events, and during 
normal operation, the circuit is able to operate over a wide range of input voltage (from 
0.8 pu to 1.2 pu), while minimizing harmonic input current. In addition, this circuit allows 
bidirectional power flow and control of real and reactive power flow. 
Fig. 33. Proposed topology for the Power Electronics intelligence at the Network 



















































Fig. 34. Detailed circuit Rooftop PV/BESS Interface. 
PV system design 
For the PV system design, a 290 W module is selected. The main electrical 
characteristics are shown in Table 3: 
Table 3. Electrical data of PV module selected for the PINE system. 
Peak power (Pmax) 290 W 
Max power voltage (Vmp) 54.7 V 
Max power current (Imp) 5.59 A 
Open citcuit voltage (VOC) 64.2 V 
Short circuit current (ISC) 6.0 A 
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Fig. 35a shows the Power vs Voltage curve of the PV panel module used for the 
proposed PINE system. Fig. 35b shows the selected module current vs Voltage (IV) curve. 
Fig. 35. a) PV curve of the module selected for PINE system. b) IV curve of the 
selected module. 
As previously mentioned, the PV system is designed to provide a maximum of 
nearly 5 kW of power at its peak capacity. To provide such needs, a total of 17 panels are 
needed in parallel, for a total power of 4.93 kW at full capacity. Fig 36 shows the PV and 








































Fig. 36. a) PV curve of the PV array designed for PINE system. b) IV curve of the 
selected array. 
Front end PWM converter 
The Front End converter (Fig. 33) consists of switches SW1 to SW4, it is operated 
at high switching frequency and is synchronized with the grid. The PWM control ensures 
near sinusoidal input current and unity input power factor. This contributes to reduce the 
distribution system’s line losses, size of components, system component overheating, etc. 
When there is no available power from the PV/BESS system, this converter maintains the 
dc-link voltage magnitude constant. When there is available power in the PV/BESS
system, the Front End converter is controlled to return power to the grid, acting as a smart 





































power at the grid edge for voltage control purposes. The control strategy is detailed in the 
following section. 
Output PWM converter 
The output PWM converter generates split phase ac output (120/240V, 60Hz) 
designed for the typical residential load. The control is able to maintain a sinusoidal output 
voltage under a variety of load conditions. During disaster events, the output maximum 
allowable power for each house is controlled by limiting the reference current. This in turn 
enables energy budgeting, improving power supply availability during grid recovery 
times. Further, we envision the possibility of remotely turning off loads when needed. The 
following section details the control strategy. 
Rooftop Solar PV/Battery Interface 
The rooftop solar and BESS system is connected as shown in series via a power 
sharing converter. The power sharing converter switches SW9 and SW10 are used to 
control the amount of power that both the PV and the BESS contribute to feed the load/grid 
depending on the operating conditions requirements. The following section details the 
control strategy. When the PV/BESS are supplying power to the load and/or grid, the dc-
link voltage magnitude is maintained by the bidirectional high frequency series resonant 
DC-DC converter. The following section details the control strategy.
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Control strategy of the PINE converter 
In this section the control strategy for the PINE converter is detailed. As mentioned 
previously, the control depends on the operating conditions of the system. 
Front end PWM converter control 
The Front End PWM converter is bidirectional, having two operating modes: 
rectifier mode when the grid is supplying the PINE interfaced load, and inverter mode 
when power is fed back to the grid. 
When the grid is feeding the PINE interfaced load (rectifier mode), the converter 
ensures a power factor close to unity, and the input current is harmonic free (due to high 
frequency PWM switching) with an input current 𝐼𝑅 that is in phase with the grid voltage 
𝑉𝑆, resulting in a negative phase angle δ between the converter voltage 𝑈𝑅  and the grid 
voltage 𝑉𝑆 as shown in Fig. 37 [51]. 














A current mode controller is set to maintain a constant dc-link voltage. The 
reference voltage (𝑉𝑑𝑐,𝑟𝑒𝑓) is compared with the measured dc-link voltage (𝑉𝑑𝑐−𝑙𝑖𝑛𝑘), the 
difference is processed by a PID controller, obtaining the needed reference for the input 
current d component (𝐼𝑅𝑑,𝑟𝑒𝑓). Since no reactive power is desired in this case, the q 
component of the input current is simply set to 0 (𝐼𝑅𝑑,𝑟𝑒𝑓 = 0), as shown in Fig. 38. 
Fig. 38. Current mode controller of Front end PWM converter in rectifier mode. 
When there is additional available power in the PV panels and/or the BESS, the 
front end PWM converter can be operated in inverter mode, resulting in a positive phase 


















The control is similar to the rectifier mode, obtaining the reference for the d and q 










Where 𝑃,𝑟𝑒𝑓 and is the required real power (Watts) to be supplied to the grid, and 
𝑄,𝑟𝑒𝑓  is the reactive power (VARs) to be supplied to the grid. 
Using the reverse Park transformation (equations 1.14 and 1.15) to process the 
resulting signals, both control modes result in the modulation index 𝑚𝑅 required to control 
switches SW1 through SW4. 
Output PWM converter control 
The control strategy is shown in Fig. 39. In order to control the output phase 
voltage 𝑉𝐴, the dq components of a reference value 𝑉𝑑,𝑟𝑒𝑓 and 𝑉𝑑,𝑟𝑒𝑓 are obtained by 
equations 1.5, 1.6 and 1.7.  The measured voltage dq components 𝑉𝑑 and 𝑉𝑞⁡are then 
substracted from the mentioned reference signals and then processed a PI controller, 
giving as a result the required references for the output current 𝐼𝑑,𝑟𝑒𝑓 and 𝐼𝑞,𝑟𝑒𝑓. These 
signals are processed in a similar manner to obtain the required dq components of the 
resultant signal 𝑚𝐴. Phase voltage 𝑉𝐵  is controlled in a similar manner, with a phase shift 
of 180° [22, 23]. 
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In a disaster situation, the maximum amount of power delivered to a given PINE 
system can be limited by an external command to adjust the d component of the output 
current on each phase (𝐼𝑑) to a maximum allowable when needed, as shown in equation 











 is the reference current given by the controller under normal situation (no




   (4.4) 
Limiting the output current will in turn reduce the output voltage magnitude. To 
prevent the voltage from reducing below a given limit, we envision the presence of smart 
home energy management devices with Internet-of-Things (IoT) technology enabled to 
turn on/off various loads in a typical home. Since 80% of a residential load is fed through 
dedicated circuit breakers [52, 53], employing solid state circuit breakers loads can be 
turned on/off remotely by PINE. 
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Fig. 39. Output PWM converter control scheme, energy budgeting is enabled by 
limiting output current. Each phase voltage is controlled in the same manner, with 
a phase shift of 180°. 
In the presence of non-linear loads, the control strategy of the Output PWM 
converter can be slightly modified, as shown in Fig. 40, a simple inner current regulating 
loop is used to regulate the output voltage to be nearly sinusoidal even with non-linear 
currents. The control strategy is shown in Fig. 40. It can be seen that the controller uses 
the capacitor filter current to correct the output voltage. 
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Fig. 40. Control strategy to maintain a nearly sinusoidal output voltage with on-
linear loads. Adapted from [54]. 
Rooftop Solar PV/Battery Interface control 
The power sharing converter switches SW9 and SW10  and the balancing current 
𝐼𝑏𝑎𝑙 are controlled by the duty cycles 𝐷𝑠𝑤9 and 𝐷𝑠𝑤10. The mentioned duty cycles are 
obtained from measuring the interfaced voltages 𝑉𝑃𝑉  and 𝑉𝐵𝐸𝑆𝑆  and using equations (4.5) 
and (4.6). The resultant average current 𝐼𝑏𝑎𝑙 circulating through the balancing inductor 







          (4.5) 
𝐷𝑠𝑤9 +𝐷𝑠𝑤10 = 1                                                                                         (4.6) 
As shown (Fig. 34) a bidirectional high frequency series resonant DC-DC 
converter is used to interface the output voltage of the PSC 𝑉𝐸𝐹  with the dc-link. Operating 
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the DC-DC above the tank resonant frequency (LR and CR in series) enables zero voltage 
switching [57-59]. In order to maintain the dc-link voltage at the required magnitude, two 
H-bridges are used, the first H-bridge consists of switches SW11-SW14 and is connected at
the primary side of a high switching frequency transformer. The second H-bridge consists 
of switches SW15-SW18 and is connected at the secondary side of the transformer. 
Both H-bridges are controlled by switching signals consisting of high-frequency 
square waves. The leakage inductance of the high frequency transformer is used as the 
energy transfer element, The phase shift between the signals controlling the H-bridges is 
used to maintaining the dc-link voltage at the required magnitude. To control switches 
SW11 and SW12, signal 𝑠𝑖𝑔⁡1 is used, and switches SW13 and SW14 are controlled by the 
complementary signal 𝑠𝑖𝑔⁡1̅̅ ̅̅ ̅̅ ̅, as shown in Fig. 41. In a similar manner, 𝑠𝑖𝑔⁡2 is used to
control switches SW15 and SW16, where SW17 and SW18 are controlled by the 
complementary signal 𝑠𝑖𝑔⁡2̅̅ ̅̅ ̅̅ ̅.
Fig. 41. The voltage VDC is maintained at the desired magnitude by controlling the 
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A phase shift ϕ is used between signals 𝑠𝑖𝑔⁡1 and 𝑠𝑖𝑔⁡2. As shown in Fig. 42. The angle 
ϕ can be used to control the power transfer, maintaining the voltage magnitude VCD at 
the required value. 
Fig. 42. The voltage VDC is maintained by controlling the phase shift between 
signals 1 and 2. The phase shift signal is referred to as ϕ. 
Simulation results 
This section details extensive simulation results of the proposed PINE concept 
based on the control concepts discussed in previous section over a wide variety of 
input/output operating conditions. 





Table 4. Simulation design parameters of PINE topology. 
Parameter Value 
Input voltage 240 V rms 
Input inductance 2.3 mH 
Switching frequency of Front End PWM 
rectifier 
10 kHz 
Balancing inductor 1 mH 
Power Sharing Converter switching 
frequency 
15 kHz 
Tank resonant frequency of LR, CR 1.8 kHz 
DC-DC converter switching frequency 2 kHz 
dc-link capacitor 3.3 mF 
Output voltage 120/240V split-phase 
Rated output power 5 kVA (2.5 kVA per phase) 
Output inverter switching frequency 21 kHz 
A single PINE without the use of the PV/BESS system 
Fig. 43, shows the operation of the PINE under varying utility voltage conditions, 
assuming there is no power available in the PV/BESS system. It is shown that even without 
any available energy in the PV/BESS system, the PINE topology is able to maintain a 
constant voltage in the load terminals, regardless of input voltage variations. Fig. 43a 
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shows the utility input voltage varying ±10% and the corresponding input current, it is 
noted that when the input voltage increases, the input current decreases to maintain a 
constant dc-link voltage. The input current is controlled to sinusoidal in phase with the 
input voltage. Fig. 43b shows the load voltage at the output of the PINE and is shown to 
be constant, regardless of the variations in the input voltage. Fig. 43c shows the dc-link 
voltage is regulated to 400V DC. Fig. 43d shows the output load current (5kVA). 
Fig. 43. PINE converter operation during normal operating conditions, a) grid 
voltage variations Vgrid and input current Igrid*10; b) Output voltages VA and VB; c) 
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Fig. 44 shows a similar operation of PINE (Fig. 33) under varying utility voltage 
conditions, assuming there is no power available in the PV/BESS system. For this 
simulation, the load is not assumed to be linear, and the control shown in Fig. 40 as 
proposed in [54] is used to maintain the output voltage with a Total Harmonic Distortion 
(THD) below 3%. It is noted that to avoid over-modulation, the dc-link was increased to 
420 V. 
Fig. 44. PINE converter operation during normal operating conditions, a) grid 
voltage variations Vgrid and input current Igrid*10; b) Output voltages VA and VB 
(with THD < 3%); c) dc-link voltage; d) output phase currents IA and IB. 
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It is shown that even without any available energy in the PV/BESS system, the 
PINE topology is able to maintain a constant voltage in the load terminals, regardless of 
input voltage variations. Fig. 44a shows the utility input voltage varying ±10% and the 
corresponding input current, it is noted that when the input voltage increases, the input 
current decreases to maintain a constant dc-link voltage. The input current is controlled to 
sinusoidal in phase with the input voltage. Fig. 44b shows the load voltage at the output 
of the PINE and is shown to be constant, regardless of the variations in the input voltage. 
Fig. 44c shows the dc-link voltage is regulated to 420V DC. Fig. 44d shows the output 
load current. 
Supplying power to the grid 
Fig. 45 shows the operation of the PINE converter in regen mode. In this mode the 
power generated by the PV panels is assumed to be 3.3kW, while the load is assumed to 
only consume 1.1 kW, while the battery is assumed to be charged at 1.1 kW. Since the 
power from PV exceed the output load power and the excess power is fed back to the grid. 
Fig. 45a shows the utility input voltage and the corresponding input current. The input 
current is controlled to be sinusoidal and 180° out of phase with the input voltage. Fig. 
45b shows the voltage and current of the BESS, charging at the rate of 1.1 kW. Fig 45c 
shows the voltage and current of the PV system, generating 3.3 kW. Fig. 45d shows output 
load voltage and current of 562 W, with PF=0.9 (per-phase). 
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Fig. 45. PINE converter on regen mode, a) grid voltage Vgrid and input current 
Igrid*20; b) BESS voltage VBESS and current IBESS; c) PV panels voltage VPV and 
current IPV; d) output phase voltage VA and current IA. 
PINE modes of operation as the time of the day changes 
In this section, several modes of operation of the proposed PINE topology are 
shown as the weather conditions change throughout the day, to prove the better use of 
renewable energy in combination with BESS. 
Fig. 46 shows a typical residential customer load profile based on [60]. It can be 
seen that during certain brief times the load exceeds 3 kW early in the morning, or even 4 
kW at the evening, but the sunlight intensity peaks around noon. This means that during 




































Fig. 46. Load profile of a residential load during a day (black curve). PV output 
power available profile (blue curve). Adapted from [60]. 
Table 5 summarizes the operation conditions of PINE during different times of 
























Table 5. Operating conditions of PINE during 4 different scenarios, as time of day 
changes. 
Scenario Load PV power BESS power Grid power 
6:30 AM -3.25 kW 1.2 kW 1.8 kW 250 W 
12:00 PM -500 W 4.0 kW -2.5 kW -1 kW
6:00 PM -3 kW 800 W 2.2 kW -1 kVAR
11:00 PM -30 W 0 W -1.0 kW 1 kW 
-2.5 kVAR
Scenario 1 
In this scenario, as shown in Fig 47, at 6:30 AM, the load demand is near its peak, 
at 3.25 kW, and the available power that the PV system can provide is 1.2 kW, since the 
BESS was previously charged, it has 1.8 kW of power available, this means that 250 W 
are still required from the grid.  
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Fig. 47. Scenario at 6:30 AM, the load is near its peak, but the available power from 
the PV panels is low, the PINE system relies on the BESS and the grid to supply the 
requirements. 
Fig. 48, shows the operation of the PINE topology (Fig. 33) at the simulated 
scenario at 6:30 AM. It is shown that nearly in the morning the load is near its peak (3.25 
kW), and since the PV power available is not enough (1.2 kW) the BESS provides 1.8 kW 
and the grid 250 W in order to satisfy the load. Fig 48a shows the voltage and current 
needed to provide 250 W to the load. Fig. 48b shows the battery voltage and current 
needed to provide 1.8 kW to the load. Fig 48c shows the PV system voltage and current 
needed to provide 1.2 kW to the load. Fig 48d shows the load voltage and current of phase 






Fig. 48. PINE converter on scenario at 6:30 AM, a) grid voltage Vgrid and input 
current Igrid*40; b) BESS voltage VBESS and current IBESS; c) PV panels voltage VPV 
and current IPV; d) output phase voltage VA and current IA*5. 
Scenario 2 
In this scenario, as shown in Fig. 49, at 12:00 PM, the load demand is significantly 
low, at 500 W, and the available power that the PV system can provide is near its peak, at 
4.0 kW, after providing the power required from the load, there are 3.5 kW of power 


















































Fig. 49. Scenario at 12:00 PM, the load is near is significantly small, while the 
available power from the PV panels is near its peak, the PINE system charges the 
BESS and supplies power to the grid. 
Fig. 50, shows the operation of the PINE topology (Fig. 33) at the simulated 
scenario at 12:00 PM. It is shown that at noon the load is significantly small (500 W), and 
since the PV power available is near its peak (4.0 kW), an extra supply of 3.5 kW is 
available, the PINE system charges the BESS with 2.5 kW and feeds the grid with 1.0 kW. 
Fig 50a shows the voltage and current needed to feed 1.0 kW to the grid. Fig. 50b shows 
the battery voltage and current needed to charge the BESS with 2.5 kW. Fig 50c shows 
the PV system voltage and current needed to provide 4.0 kW to the load, the BESS and 






Fig. 50. PINE converter on scenario at 12:00 PM, a) grid voltage Vgrid and input 
current Igrid*40; b) BESS voltage VBESS and current IBESS; c) PV panels voltage VPV 
and current IPV; d) output phase voltage VA and current IA*20. 
Scenario 3 
In this scenario, as shown in Fig 51, at 6:00 PM, the load demand is again near its 
peak, at 3.0 kW, and the available power that the PV system can provide is only 800 W, 
since the BESS has been previously charged at noon, it has 2.2 kW of power available, 
this means that the load can be supplied entirely from the PV/BESS system. At this time, 























































Fig. 51. Scenario at 6:00 PM, the load is near is its peak, while the available power 
from the PV panels is small, the PINE system uses the BESS as well as the PV 
system to supply the needed power to the load. The grid is fed 1 kVAR of reactive 
power for voltage support purposes. 
Fig. 52, shows the operation of the PINE topology (Fig. 33) at the simulated 
scenario at 6:00 PM. It is shown that at in the evening the load requirement is near its peak 
again (3.0 kW), and the PV power available is not enough (800 W), since the BESS has 
been charged at noon, it can provide the needed 2.2 kW to fully feed the load. At this 
point, the grid is also fed 1 kVAR of reactive power for voltage support purposes. Fig 52a 
shows the voltage and current needed to feed 1.0 kVAR to the grid. Fig. 52b shows the 
battery voltage and current needed for the BESS to supply 2.2 kW to the load. Fig 52c 
shows the PV system voltage and current needed to provide 800 W to the load. Fig 52d 






Fig. 52. PINE converter on scenario at 6:00 PM, a) grid voltage Vgrid and input 
current Igrid*20; b) BESS voltage VBESS and current IBESS; c) PV panels voltage VPV 
and current IPV; d) output phase voltage VA and current IA*20. 
Scenario 4 
In this scenario, as shown in Fig. 53, at 11:00 PM, the load demand consists of 
only standby power loads, (30 W), and there is no available power that the PV system can 
provide. Considering a scenario where the electricity price is relatively low, this time of 
the day is chosen to charge the BESS from the grid at 1.0 kW. At this time, the PINE 





















































Fig. 53. Scenario at 11:00 PM, the load is significantly small, while there is no 
available power from the PV panels, since the electricity price is relatively low in 
this scenario, the PINE system charges the BESS from the grid. The grid is fed 2.5 
kVAR of reactive power for voltage support purposes. 
Fig. 54, shows the operation of the PINE topology (Fig. 33) at the simulated 
scenario at 11:00 PM. It is shown that at night the load requirement consists of only small 
loads (only loads consuming standby power, for 30 W), and the PV power is not available, 
since the electricity price is considered to be relatively small, the BESS is charged during 
this time from the grid. At this point, the grid is also fed 2.5 kVAR of reactive power for 
voltage support purposes. Fig 54a shows the voltage and current needed to charge the 
BESS (1 kW) considering the electricity price to be small, while feeding the grid 2.5 
kVAR for voltage support. Fig. 54b shows the battery voltage and current needed for the 
BESS to be charged (1 kW) from the grid. Fig 54c shows the PV system voltage and 
current, it is noted that there is no available PV power at this time. Fig 54d shows the load 







Fig. 54. PINE converter on scenario at 11:00 PM, a) grid voltage Vgrid and input 
current Igrid*20; b) BESS voltage VBESS and current IBESS; c) PV panels voltage VPV 
and current IPV (there is no available power from the PV system); d) output phase 
voltage VA and current IA*400. 
Energy budgeting 
In this section, examples of 2 different budgeting scenarios are presented to show 
how the proposed PINE can control the power flow between the microgrid and a house. 
Fig. 55 shows an example of reconfigured system immediately after a disaster such a 
hurricane passing. It can be seen that bulk transmission lines are down as well as damage 
to local solar generation. Circuit breakers (CB) B and C are commanded to isolate the 
faulted lines. The first two group of homes on the left are shown to have functioning 
















































own operating in an islanded mode. Similarly, the two home groups on the right are 
functioning with CB-D and CB-4, CB-5 operational. 
Fig. 55. Example system reconfiguration - post disaster. 
In the event of a disaster, energy budgeting is envisioned i.e. each PINE is 
communicated with a given maximum power. The control strategy was detailed in chapter 
4. Fig. 56 shows the simulation results of this strategy. In this mode the PV/BESS power
is assumed to be also damaged and the available power from the grid is limited. The 
amount of available power keeps reducing as the disaster situation changes over time. Fig. 
56a shows the output voltage of phase-A, i.e. voltage VA as the power limitation is altered. 
It is noted (Fig. 56a) the output load voltage decreases as the available power is reduced 
as shown in Fig. 56b. It is noted that the output load voltage drops below 0.87pu due to 
energy budgeting control strategy. 
Utility
SCADA / DMS /AMI
CB 1 2
CB CB CB CB
Citcuit breaker
Damaged Distribution Network – Post Hurricane
A B C D
PINE






Fig. 56. Energy budgeting scenario without the ability to disconnect each load. a) 
output voltage VA and a desirable limit of 0.87 pu. b) Real and Reactive power 
limit, as disaster evolves. 
Fig. 57 shows a modified energy budgeting control strategy with the help of IoT 
enabled solid state circuit breakers as discussed in section V. In this approach as the 
available input power decreases over time (Fig. 57b), the control strategy limits the output 
current which in turn reduces the output voltage. This mode is allowed to continue until 
the output voltage approached 0.87pu. At this point, the strategy is to disconnect non-
essential loads via solid state circuit breaker control. This enables the output voltage to be 


































Fig. 57. Energy budgeting scenario, each time the control produces a voltage below 
0.87 pu, a non-essential load is disconnected, maintaining the voltage in the 
allowable range. a) output voltage VA and a desirable limit of 0.87 pu. b) Real and 
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To prove the validity of the concept, a laboratory prototype of PINE is currently 
under development. The parameters used are shown in Table 6. 
Table 6. PINE converter experimental prototype parameters. 
Parameter Magnitude 
Rated power 1.14 kW 
Input voltage 120 V 
Input current 9.43 A 
Input inductance 2.3 mH 
dc link voltage 220 V 
dc link capacitor 1.79 mF 
Output power after 




voltage per phase 
60 V 
Output voltage after 
energy budgeting per 
phase 
36.6 V 
Fig. 58 shows the near sinusoidal input current, minimizing both the reactive 
power and the harmonics injected to the grid. The dc-link voltage ripple is less than 10%. 
Fig. 59 shows how the Front End PWM converter maintains the dc-link voltage constant 
regardless of changes in the input voltage variations. 
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Fig. 58. Experimental waveforms of the PINE converter. Channel 1 shows the input 
voltage, channel 2 shows the dc-link voltage, channel 4 shows the input current. 
Fig. 59. Experimental waveforms for a step change input voltage. Channel 2 shows 
the dc-link voltage being regulated. Channel 1 shows the input current, notice the 
reduction due to constant power nature of PINE. 
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Fig. 60 shows the output voltages VA, VB and phase currents IA, IB. The energy 
budgeting strategy is applied to phase B only, to show how the power gets limited to 200 
W, phase A remains unchanged.  
Fig. 60. Experimental waveforms for energy budgeting. Energy budgeting is 
applied to limit the power to 200W. Channel 1 shows output voltage VA. Channel 3 
shows phase current IA. Channel 2 shows output voltage VB and channel 4 shows 
phase current IB. 
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Conclusions 
In this chapter, a self-organizing power electronics converter with control 
intelligence at the edge of the electric distribution network has been proposed. In the 
proposed system the output power is processed via the PINE converter and it is shown to 
have several advantages. The PINE converter is shown to have the ability to implement 
energy budgeting when the available power is limited during a disaster situation. The 
power flow is shown to be bidirectional as several modes of operation of the proposed 
PINE topology are shown as the weather conditions change throughout the day, to prove 
the better use of renewable energy in combination with BESS. During normal operation 
the PINE approach has been shown to maintain output voltage regulated as well as reduced 
input current harmonic content. Simulation and experimental results from a laboratory 
prototype have been shown to validate the proposed concept. The proposed PINE concept 
has been shown to have the potential to make the future electricity delivery system more 
internet-like (i.e. intelligence at the network edge). 
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CHAPTER V     
IMPLEMENTATION IMPACTS OF PINE TOPOLOGY AT THE GRID EDGE 
In this chapter, the potential for improving the distribution network conditions by 
the PINE implementation is analyzed. Several PINE advantages are discussed in detail, 
such as the ability of alleviating the need for voltage regulation and the addition of 
Transactive Energy operations. 
To address the concern about high penetration of Converter Interfaced Generation 
in the distribution system, in a test feeder based on the IEEE-37 test node feeder is 
developed and simulated using PINE interfaced loads at every node where a load is 
connected. 
These simulations are implemented in two different realizations. The first one 
consists of using an average model of the PINE converter in each node representing a 
PINE converter. The second realization consists of simulation using all the switches of an 
active rectifier, dc-link and output inverter. 
Introduction 
In today’s distribution systems, voltage variation represents one of the most 
significant challenges for increased PV penetration [61-63]. Voltage profile variations 
need to be tightly regulated because significant sags/swells might cause sensitive 
equipment malfunction [18]. Voltage magnitudes above or below the desired limit might 
cause problems such as overexitation, insulation failure, and undesired circuit breaker 
trips. 
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Voltage magnitude regulation is typically achieved using Volt-VAR control 
(VVC) techniques using devices such as capacitor banks, load tap changers and voltage 
regulators. Traditional VVC devices are slow, centralized and there are a limited number 
of them in a typical distribution system. Also, there is a limit on the number of times they 
can operate on a given day. 
Recently, new VVC solutions have been proposed to achieve the desired voltage 
magnitude regulation by using PV inverters for VAR injection at the edge of the grid [64]. 
These methods do not take into account the voltage magnitude at nodes where there is no 
PV inverter available [65]. 
In this chapter, the proposed PINE technology is shown to alleviate the need of 
voltage regulation for the interfaced residential customers by providing a well-regulated 
voltage through fast-acting power electronics regardless of fluctuations in the grid. In this 
manner, available voltage regulation devices only need to regulate the voltage at nodes 
where customers do not have PINE, as shown in Fig. 61. Also, unlike existing Volt-VAR 
controls, PINE enables the possibility of peer-to-peer energy transactions. 
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Fig. 61. Future distribution power system with PINE technology installed at 
different locations. Only nodes where customers do not have PINE installed need to 
be regulated by Voltage Regulation Devices (VRD). Node A represents the load 
connection point at a PINE-interfaced house. Node B represents the grid 
connection point of a PINE-interfaced house. Node C represents the grid 
connection point of a non-PINE interfaced house. 
Before the massive deployment of power electronics devices such as PINE, it is 
imperative to investigate the physical impact of such services on the legacy distribution 
grid. Time-domain simulations are performed to simulate a distribution grid with high 




























PINE average model 
In order to simulate a high number of PINE connected residential loads, an average 
model of the topology was developed in the dq frame.  
Front End PWM converter average model 
Fig. 62 shows the equivalent circuit of the fundamental frequency (60 Hz) of the 
Front End PWM converter connected to the grid. It can be seen that the converter and the 
grid are interfaced by an input impedance (𝐿𝑖𝑛, 𝑅𝑖𝑛). 
Fig. 62. Equivalent circuit of the Front End PWM converter fundamental 
component (60 Hz) connected to the grid. 











Where: 𝑉𝑠 is the grid voltage, 𝐿𝑖𝑛 is the input inductance, 𝑅𝑖𝑛 is the input resistance, 
𝐼𝑅 is the input current, and 𝑈𝑅is the fundamental component of the voltage at the terminals 
of the Front End PWM converter. 
As explained in the first chapter, two orthogonal values are needed to obtain the 
dq frame equivalent circuit. The original circuit can be referred to as α, and the orthogonal 
equivalent is named β. By using the Park transformation, the equivalent circuits can be 
obtained as equations (5.2 – 5.4): 
𝑉𝑠𝑑 = −𝑤𝐿𝑖𝑛𝐼𝑅𝑞 + 𝐿𝑖𝑛
𝑑
𝑑𝑡
𝐼𝑅𝑑 + 𝑈𝑅𝑑 + 𝑅𝑖𝑛𝐼𝑅𝑑  (5.2) 
𝑉𝑠𝑞 = 𝑤𝐿𝑖𝑛𝐼𝑅𝑑 + 𝐿𝑖𝑛
𝑑
𝑑𝑡





Where: 𝑉𝑠𝑑  is the d component of the grid voltage, 𝑉𝑠𝑞  is the q component of the 
grid voltage, 𝐼𝑅𝑑 and 𝐼𝑅𝑞 , are the dq components of the input current, 𝑈𝑅𝑑  and 𝑈𝑅𝑞 , are the 
dq components of the voltage terminals of the Front End PWM converter, 𝐿𝑖𝑛 is the input 
inductance, 𝑅𝑖𝑛 is the input resistance, 𝐼𝑂 is the dc current and 𝑤 is the electrical frequency 
of the grid voltage (𝑤 = 2𝜋𝑓 in rad/sec). Fig. 63 shows the equivalent circuits. 
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Fig. 63. Equivalent circuit of the Front End PWM connected to the grid in the dq 
frame. 
Output PWM converter average model 
In a similar manner, the average model of the output PWM converter is obtained 
by using both Kirchhoff’s voltage and current laws (KVL and KCL), since the output 
voltage consists of a split phase ac output (120/240V, 60 Hz), an average model is 
developed for phase A and another for phase B. The model for phase A results in equations 












































Where: 𝑈𝐴𝑑 is the d component of the voltage terminals of the Output PWM 
converter, 𝑈𝐴𝑞  is the q component of the voltage terminals of the Output PWM converter,  
𝐼𝐴𝑑 and 𝐼𝐴𝑞 , are the dq components of the current flowing through the inductance 𝐿𝑓, 𝑉𝐴𝑑, 
and 𝑉𝐴𝑞  are the dq component at the output terminals, 𝑍𝑑 and 𝑍𝑞 are the dq components 
of the load model, 𝐿𝑓 is the inductance of the filter, 𝐶𝑓 is the filter capacitance. Since the 
load was modeled as a resistor, 𝑍𝑑 is modeled as a resistance and 𝑍𝑞 is not considered for 
the simulations in this chapter. Fig. 64 shows the equivalent circuits. 
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Fig. 64. Equivalent circuit of the Output PWM converter phase A. The phase B is 
modeled in a similar manner. 
Demonstration of PINE’s value on a small distribution system 
To demonstrate the benefits brought by the proposed concept for both PINE-
interfaced and non-PINE-interfaced residential customers as well as for the distribution 
system operator, a small distribution system is simulated using the PINE average model. 
The mentioned distribution system, as shown in Fig. 65, has two residential loads 
respectively at nodes B and C, and one capacitor bank to regulate voltages at B and C to 



































Fig. 65. A simple distribution system with/without PINE technology. (a) Traditional 
distribution system without PINE. (b) Distribution system with PINE. 
Consider a disturbance causing the grid voltage to drop from 1.0 pu to 0.85 pu at t 
= 2 seconds, the capacitor bank at t = 3 seconds will switch in more capacitors, inject more 
reactive power and regulate voltages at B and C to meet minimum requirement, i.e. 0.87 
pu. If without PINE technology, both voltages at B and C need to be tightly regulated and 
the required reactive power from the capacitor bank turns out to be 59 kVAR. The system 
dynamics over this process are shown in Fig. 66. It shows that both residential customers 
will experience the voltage dip from t = 2 seconds to t = 3 seconds and their voltage 
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Fig. 66. System dynamics subject to the disturbance: phase voltage profile and 
reactive power support without PINE. (a) Voltage at node B. (b) Voltage at node C. 
(c) needed reactive power to regulate voltages at nodes B and C to meet minimum
requirement i.e. 0.87 pu. 
With PINE technology installed for the residential house at B, as shown in Fig. 
65b, the regulation of voltage at B can be relaxed without compromising the quality of the 
electricity service. According to the system dynamics shown in Fig. 67, the residential 
customer behind PINE can hardly feel the disturbance from the utility grid and can always 
enjoy the ideal 1.0 pu voltage. In this case, only voltage at C needs to be regulated while 
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non-PINE-interfaced house at C can also enjoy a better electricity service since there are 
more reactive power reserve to regulate its voltage profile. 
Fig. 67. System dynamics subject to the disturbance: phase voltage profile and 
reactive power support with PINE at node B. (a) Voltage at node B. (b) Voltage at 
node C. (c) needed reactive power to regulate only voltage node C (since PINE is 
regulating its own load voltage, node A) to meet minimum requirement i.e. 0.87 pu. 
(d) Voltage at node A, or load voltage of PINE interfaced load.
Increased penetration levels of PINE in a residential distribution system 
Fig. 68 shows a modified test node feeder based on IEEE 37 node system [66] and 
reference [67]. It can be seen that every residential load in this system is interfaced to the 
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shows a distribution system node containing residential loads. It can be seen that the 
distribution voltage is 4.8kV, which is transformed to 120V/240V via a step down 
transformer followed by three loads of 5kVA (one per phase) supplied via PINE. A total 
of 8 such nodes with 24 PINE installations are shown in Fig. 68, (nodes 7, 8, 9, 25, 38, 39, 
40, and 41). 
Fig. 68. Test feeder used to simulate high penetration levels of PINE in a 
distribution feeder, based on the IEEE-37 test node feeder. Note: line impedances 
between nodes are specified in Appendix A. Adapted from [67]. 
Fig. 69 shows the configuration of each node in detail, it can be seen that every 
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to 120V/240V. Each node has three PINE loads, one per phase, as explained earlier, each 
PINE load consists of a split phase ac output (120/240V, 60Hz) designed for the typical 
residential load. 
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Simulation with average model 
The average model developed in this chapter is used to simulate such a system and 
the results are discussed in this section. 
Fig. 70 shows the distribution grid voltage (4.8kV) increase by 10% at t = 0.5 sec. 
Fig. 70b shows the node 38 input currents drawn by each PINE. A decrease in the input 
current is noted (Fig. 70b) for a corresponding increase in input voltage (Fig. 70a) due to 
the constant power nature of the PINE converter. Fig. 70c shows the input power 
fluctuation. Fig. 70c shows that the power consumed by the load at node 38 maintains 
unchanged before and after the disturbance in the grid voltage. This seems to be the reason 
that a load controlled by constant power strategy is named CPL in literature. However, it 
should be emphasized that a load controlled to behave like a CPL is significantly different 
from an ideal CPL, whose behaviors are dominated by a pure algebraic equation and tend 
to cause instability. The load controlled to consume a constant power, or we call it dynamic 
CPL load, possesses differential state variables associated with its control, like the load at 
node 38. It should also be noted that in reality almost all CPLs are dynamic CPLs. 
Therefore, the negative impedance induced instability in DC circuit does not necessarily 
exist in systems with dynamic CPLs, as shown by the system responses in dc-link voltage 
and load power in Fig. 70 that the system is quite stable. In fact, the stability of the system 
with dynamic CPLs is highly dependent on the control design of the load. 
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Fig. 70. Simulation results for a distribution grid with 100% PINE penetration 
level. As seen in Fig. 69, each node has three connected PINE enabled homes, one 
per phase; a) Grid voltages phases A, B and C; b) input current of PINE enabled 
homes in node 38; c) Real power of PINE enabled homes in node 38; d) dc-link 
voltage of PINE enabled homes in node 38. 
Simulation with switching converters 
In this section, in order to validate the developed PINE average model results, the 
same distribution grid is simulated in more detail. This is done by simulating the Front 
End PWM converter and the Output PWM converter of each PINE using a recently 
developed tool (DSIM). This tool enables the simulation of considerable amounts of 
switches in a small amount of time. The voltage variations are realized by simulating the 
resistance losses along the lines by modifying the resistance Rline between nodes 1 and 2 
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Fig. 71. Simulation results for a distribution grid with 100% PINE penetration 
level, for the switching converters simulation. As seen in Fig 69, each node has three 
connected PINE enabled homes, one per phase; a) Grid voltages phases A, B and C; 
b) input current of PINE enabled homes in node 38; c) dc-link voltage of PINE
enabled homes in node 38; d) output voltages VA and VB of PINE load connected at 
node 38, phase A. 
The results of the simulation using switching converters are discussed in this 
section. It can be seen that due to the use of switches instead of average models, the results 
are more detailed, allowing to observe the current harmonics. Fig. 71a shows the 
distribution grid voltage (4.8kV) increase by 9% at t = 0.7 sec, and returning to its rated 
value at t=0.8 sec. Fig. 71b shows the node 38 input currents drawn by each PINE. A 
decrease in the input current is noted (Fig. 71b) for a corresponding increase in input 
voltage (Fig. 71a) due to the constant power nature of the PINE converter. Fig. 71c shows 
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output voltage of the PINE load connected at node 38, phase A, it can be seen that the 
customer has a constant voltage, regardless of voltage variations in the grid. 
Conclusions 
In this chapter, the potential for improving the distribution network conditions by 
the PINE implementation was discussed. Simulation results on a distribution system with 
high penetration of PINE were done, it was shown that the distribution system was stable. 
Simulations were done using an average model of the Front End PWM converter and the 
Output PWM converter of PINE and by a regular simulation using switching converters. 
A test feeder based on the IEEE-37 test node feeder was developed to implement both 





In summary, new power electronics topologies, as well as a power flow control 
strategy were proposed and analyzed to improve the control of the grid. In chapter two, a 
topology named Power Electronics Transformer with Dynamic Voltage and Angle Droop 
Control (PET-DVADC) was introduced, using fractionally rated transformers coupled 
with AC-AC converters to enable accurate angle droop control without the use of a dc-
link stage. The third chapter introduced a modified angle droop control scheme intended 
to be used with the previously introduced power router. The proposed control scheme 
enables energy transactions between peers, which was studied and analyzed using 
different operation scenarios to prove the validity of the control scheme.  
The fourth chapter introduced a new topology, named Power Electronics 
Intelligence at the Network Edge (PINE), this topology interfaces PV/BESS systems with 
the grid in residential applications. PINE introduces several advantages to the distribution 
grid, enabling high levels of PV penetration in the grid, targeting even 100%. The power 
flow is shown to be bidirectional and the PINE topology has been shown to maintain load 
voltage regulated as well as reduced input current harmonic content. Simulation and 
experimental results from a laboratory prototype have been shown to validate the proposed 
concept.  
The fifth chapter analyzes the impacts that PINE can have in a distribution grid, 
using an average model to simulate 24 PINE models, the average model is further 
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validated by simulating PINE with switching converters. By using PINE, the voltage 
regulation requirements decrease, since each PINE guarantees the appropriate voltage 
level at each customer’s load. An example test node feeder is developed based on the IEEE 
37 test node feeder, to prove that the system is stable. The advantages of PINE are also 
discussed in a small distribution system, proving that PINE can alleviate the need for 
voltage regulation in the distribution system. 
Future Work 
There are several areas of possible future work in this dissertation. For the 
introduced topology in chapter two (PET-DVADC), an average model can be included in 
the angle droop control analysis, and a comparison with the traditional implementations 
can be done. 
For the modified angle droop control technique presented in chapter three, more 
detailed microgrids can be included in future simulations, including renewable sources of 
energy models, as well as BESS, a laboratory scale prototype can be used to prove the 
concept using Hardware in the Loop (HIL) systems. 
For the PINE concept discussed in chapter four, the laboratory scale prototype can 
be further developed, the power ratings can be increased, and a control strategy to 
minimize the required dc-link capacitor can be included.  
The average model of PINE, as well as the test node feeder used in chapter five 
can be used to further analyze the advantages of PINE, such as losses reduction in the 
distribution system, Transactive Energy operations between peers, minimization of 
harmonics in the distribution grid, etc. 
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APPENDIX A 











0 1 1.00E-01 0 
1 2 9.271E-02 1.766E-04 
2 3 8.160E-02 1.292E-04 
3 4 1.122E-01 1.776E-04 
4 5 9.576E-02 8.920E-05 
5 6 6.906E-02 8.898E-05 
6 7 7.980E-02 7.433E-05 
6 8 1.117E-01 1.041E-04 
4 9 1.480E-01 1.907E-04 
3 25 1.596E-01 1.487E-04 
3 28 8.879E-02 1.144E-04 
28 29 1.282E-01 1.653E-04 
29 30 3.192E-02 2.973E-05 
30 31 2.075E-01 1.933E-04 
31 38 2.619E-01 2.572E-04 
38 39 5.238E-01 5.145E-04 
39 40 5.238E-01 5.145E-04 
40 41 5.238E-01 5.145E-04 
